Abstract. The capability of the generalized interpolation material point (GIMP) method in simulation of penetration events is investigated. A series of experiments was performed wherein a shaped charge jet penetrates into a stack of aluminum plates. Electronic switches were used to measure the penetration time history. Flash x-ray techniques were used to measure the density, length, radius and velocity of the shaped charge jet. Simulations of the penetration event were performed using the Uintah MPM/GIMP code with several different models of the shaped charge jet being used. The predicted penetration time history for each jet model is compared with the experimentally observed penetration history. It was found that the characteristics of the predicted penetration were dependent on the way that the jet data are translated to a discrete description. The discrete jet descriptions were modified such that the predicted penetration histories fell very close to the range of the experimental data. In comparing the various discrete jet descriptions it was found that the cumulative kinetic energy flux curve represents an important way of characterizing the penetration characteristics of the jet. The GIMP method was found to be well suited for simulation of high rate penetration events.
Introduction
Numerically solving the equations of motion during a penetration event presents many unique challenges. Penetration by definition involves massive deformations, which leads to mesh distortion and entanglement problems with standard Lagrangian finite-element algorithms. The conventional alternative to a Lagrangian scheme is to adopt an Eularian approach to solving the equations of motion. However, under the large deformations experienced in a penetration event most materials of interest will undergo significant plastic deformation, which typically adds a history dependence to material response. This history dependence is often expressed using internal state variables such as plastic strain, damage, etc. These internal state variables are necessarily properties of each Lagrangian material element. Advection schemes used in a conventional Eularian approach cause the field of internal state variables to become corrupted and results in nonphysical responses such as numerical healing. The material point method (MPM) [1] was proposed as a method which retains the advantages of both Eularian and Lagrangian techniques. The MPM subdivides the problem domain into a set of Lagrangian material point particles. All state data is stored on the material point particles, but the equations of motion are solved on a fixed Eularian grid. A set of interpolation functions is used to transfer information between the Lagrangian particles and the Eularian grid. As originally proposed the MPM suffered from a cell crossing instability for large displacement problems which is caused by a discontinuity in the gradient of the interpolation functions. The generalized interpolation material point (GIMP) method [2] uses a smoother interpolating function which drastically reduces the cell crossing instability. The GIMP method has successfully been used in a wide range of large deformation applications [3] [4] [5] [6] [7] [8] [9] [10] [11] . Recently, an alternative or generalization of the GIMP method has been developed to account for deformation of particle domains [12] , although this extension was not used in the current work. This paper describes an application of the GIMP method to the simulation of shaped charge jet penetration into aluminum. Experimental data for the jet properties are used to develop two discrete models of the jet. Comparison of the results of simulations using both of these jet descriptions are used to determine what effect various jet characteristics have on the penetration behavior of the shaped charge jet. The penetration time history from these simulations are also compared with experimentally measured penetration time histories.
Methods

Jet properties
The properties of the shaped charge jet in free flight were measured using an x-ray technique. The details of this measurement are not discussed here, but the results of these measurements are used to develop several discrete representations of the shaped charge jet in flight. Figure 1 contains a plot of the experimentally measured normalized jet radiusr along the length of the jet. The normalized jet radius is given byr = r r max (1) where r is the actual radius, and r max is the maximum measured radius (whose value is not given here for proprietary reasons). The normalized distance along the jetx is given bȳ
where x is the actual distance along the jet and L jet is the length of the jet at the instant of measurement. Normalized timet is also defined as
where t max is the time at which penetration is complete and t represents the actual time. The radius data were fit using both a bi-linear and a simple linear approximation to the radius as shown in Figure 1a . The average mass density of the jet along its length was also measured. The experimentally measured normalized jet density data and the two approximating curves are shown in Figure 1b . Similar to the normalized radius, the normalized jet densityρ is given bȳ
where ρ is the actual density and ρ max is the maximum measured density. For the density a bi-linear fit was used as well as a constant density fit. The use of these curves will be discussed in section 2.2.
2.1.1. Interpretation of jet data A shaped charge jet in free flight is very complex and dynamic. While the measurement of the radius, density and velocity along the length of the jet in free flight is a significant accomplishment, it represents an incomplete description of the jet properties. For example, the density and velocity of the jet material undoubtedly vary across the cross-section of the jet. However, the experimental data represent an average density and velocity across the Experimentally measured normalized jet radiusr and densityρ vs. normalized distance along the length of the jetx. The solid line is a bi-linear approximation to the radius and density data and the dashed line is a linear approximation to the radius data and a constant valued approximation to the density data.
cross-section of the jet. Therefore, certain approximations and assumptions are necessary to develop a more complete model of the jet behavior. Consistent with trends evident in the data and/or consistent with sensitivity studies of simulation results, the assumptions made in this study are:
(i) the velocity of the jet is unidirectional (ii) the velocity of each material particle in the jet is constant throughout the evolution of the jet (i.e., the particles are in free flight with negligible aerodynamic drag) (iii) the velocity varies linearly from the tip to the tail of the jet (iv) the velocity and density are uniform across the width of the jet (v) the strength of the jet material is inconsequential to the penetration behavior of the jet The first three assumptions are justified by behavior evident in the x-ray measurements, where, for example, it is seen that radial motion is negligible. The fourth assumption is a simplification which is made largely due to a lack of data regarding the distribution of the density and velocity across the cross-section of the jet. Validating the fifth assumption is one of the major contributions of this study. It is postulated that quantities such as the cumulative momentum and/or kinetic energy flux are more critical than jet strength in determining the penetration behavior of the jet. This postulate will be discussed further below.
With these assumptions, the length, radius, density and velocity distributions within the jet may be computed for any time based on the experimental data. As mentioned above, the experimental data were taken for a jet in free flight where the length of the jet when measured is much greater than the standoff distance which is typically used with shaped charge jets. The standoff distance is defined to be the distance between the face of the shaped charge and the target at the time of detonation. Since the x-ray measurements are made at a larger standoff than is used in the penetration tests, the experimental jet data are extrapolated backward in time to model the standoff distances actually used in the penetration tests. This is done by recognizing that, with a constant particle velocity, the axial component of the deformation gradient is given by: 
where V tip is the velocity at the tip of the jet, t is time, and L o is the length of the jet in the reference configuration. For convenience the reference configuration will be taken to be the configuration where jet properties were measured. The deformation gradient may then be used to transform the expressions that were fit to the experimental data backward in time to represent a shorter standoff distance. These extrapolated jet data are used to inform the development of the discrete jet descriptions. Hereafter, all references to the projected jet refer to the bilinear fit to experimental data projected backward in time to the standoff distance used in the experimental penetration tests.
Discrete Jet Descriptions
The actual shaped charge jet considered in this study is a powdered metal jet composed of three different materials. The size of the metal particles that compose the jet is such that they are too small to be individually resolved in the discrete simulation. As such, several schemes were developed to describe the jet material using the GIMP method. Based on the postulate that the cumulative momentum and/or kinetic energy flux provided by the jet are more important to the penetration behavior than the strength of the jet, the discrete jet descriptions used in this study are very simplistic. The two methods used are described below.
Single Stream of Cylinders
One approach that was used to construct a discrete description of the jet was to use a single stream of cylinders with varying radius and velocity. The radius of each cylinder in the jet was prescribed according to the bi-linear approximation shown in Figure 1a . The density of each cylinder was prescribed to be the density of the solid metal from which the majority of the jet is composed. To account for the reduced density of the particulated metal jet, void space was added between the cylinders as shown in Figure 2 . The length of each cylinder was chosen such that the effective density over each jet segment would correspond to the projected jet density for that location in the jet. The effective density is defined as
where V cyl is the volume of a given cylinder, V void is the void space surrounding that cylinder, and ρ H is the density of the cylinder material. The length of each segment in the jet (and consequently the number of cylinders in the jet) is then a free parameter which was found to be significant as discussed below. As the strength of the jet material is assumed to be inconsequential, all constitutive parameters for the cylinders except density were set to be those of the solid metal of which the majority of the jet is composed. This assumption was tested by drastically changing the yield strength of the jet material in the two simulations discussed below.
As the kinetic energy, momentum and mass flux into the target are thought to be the critical jet characteristics, the cumulative mass, momentum and kinetic energy fluxes as a function of time for the projected jet and each of the discrete jet descriptions were compared. Figure 3 shows plots of the cumulative mass, momentum and kinetic energy fluxes for the projected jet and the two discrete jet descriptions.
Single Stream of Spheres
Another method used to simulate the jet in the GIMP model is to simply create a single stream of spheres of varying radius, velocity and density. The radius of the spheres varies according to the linear approximation to the experimentally measured radius data. The velocity of each sphere was prescribed using a linear approximation to experimental velocity data, however it was fit to the upper end of the experimental data. For this reason the velocity near the tail of the sphere jet is higher than that used in the cylinder jet description. This can be seen as an increase in the momentum and kinetic energy flux relative to the cylinder jet values as seen in Figure 3 . Since the actual jet is composed of several distinct material types of various densities, the spheres in this discrete model were also modeled as three distinct materials. Every group of five spheres in the jet was composed of three high density spheres, one medium density sphere, and one low density sphere as shown in Figure 2 . The density of this collection of spheres plus the void space around the spheres resulted in th constant mean density shown in Figure 1b . Since the spheres do not allow the radius and length of the jet to be independently controlled, this jet description is not capable of being scaled to an earlier standoff distance since as the jet was shortened the spheres would either overlap or their radius would need to be reduced. For this reason the sphere jet description represents the full length of the measured jet in free flight. While this jet description clearly does not reflect an accurate description of the actual short standoff jet in the penetration tests, comparison of the results of simulations using this jet description with the cylinder jet description does provide some interesting results. 
Target Description
A Johnson-Cook plasticity/damage model [13] , as well as an MTS model [14] were used to model the behavior of the aluminum target. The results using both models were nearly indistinguishable. In order to speed up the calculation, four particles per cell (two in the axial direction, two in the radial direction) were used near the penetration channel and a single particle per cell was used far away from the penetration channel. 
Measurement of Penetration Time History
As a validation test laboratory measurements of the penetration time history were made. A stack of aluminum plates was used, some of which were separated by a thin electronic switch as shown in Figure 4 . The electronic switch is designed such that when it is perforated it completes a circuit. The time at which each circuit is completed is then recorded, creating a penetration time history. Several tests were performed using 20 switches, 16 switches, 14 switches, and zero switches. In general as more switches were used, the final penetration depth decreased. The test with no switches resulted in a approximately a 15% greater final penetration depth than the average of all of the tests with switches. In contrast the maximum spread in final penetration depth between all of the tests with the various numbers of switches was less than 5% of the average value. In one case a test with 20 switches resulted in a slightly greater penetration depth than an otherwise identical test with 14 switches. In all other cases, tests with more switches yielded less penetration depth than tests with fewer switches. Two different (but relatively short) standoff distances were also used in the tests. Although the standoff distances used in these tests made a relatively small difference in the final depth of penetration, generally the shorter standoff distance resulted in a larger depth of penetration. 
Results
The shaped charge jet simulations were performed with both an axisymmetric 2D formulation and a full 3D formulation using the Uintah MPM code with the GIMP interpolator. Figure 5 shows the penetration time history for the axisymmetric cylinder and sphere jet descriptions along with the range of experimental data. A mesh resolution of 0.25 mm in all directions was used in these simulations. Convergence studies are underway, but currently numerical difficulties are plaguing the highest resolution simulations. These difficulties may be resolved by using the method proposed in [12] . As can be seen in Figure 5 , the cylinder jet description under-predicts the penetration depth fromt ≈ 0.25 throught ≈ 0.65. The sphere jet description predicts the penetration time history more accurately than the cylinder description untilt = 0.6, where it begins to over-predict the penetration depth. This is likely due to the extra momentum flux that this jet description provides at late times as shown in Figure 3b . As mentioned above, the length of each segment of the cylinder jet, and consequently the number and length of the cylinders was found to be an important parameter. If the segment length was chosen such that the length of each cylinder was approximately the same as its radius, the penetration depth was drastically under-predicted. As the length of each segment and consequently the length of each cylinder was decreased so that the cylinders became thin disks, the depth of penetration curve converged to the one shown in Figure 5 . Many thin disks would better approximate, albeit crudely, the actual behavior of a powdered metal jet in that it would provide a series of many smaller impulses rather than fewer large impulses. 
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As mentioned above, the elastic properties and yield strength of the jet material were assumed to be of little importance. To test this, the simulation using the cylinder jet description was repeated with the yield strength of the jet material cut in half. The resulting penetration time history curve was almost indistinguishable from the original simulation with the full strength jet material. This seems to validate the assumption that the mechanical behavior of the jet material is unimportant, and that the mass, momentum and/or kinetic energy flux that it provides is much more important.
Comparing the cumulative mass and momentum flux curves in Figure 3a and 3b, it can be seen that the sphere jet curves fall below both the cylinder jet and projected jet data curves. Comparing the mass and momentum flux curves to the penetration time history curves in Figure  5 it can be seen that the cylinder jet, sphere jet, and experimental data agree quite well until approximatelyt ≈ 0.25 at which point the sphere jet begins to penetrate at a greater rate than the cylinder jet curve. This trend continues for the rest of the simulation with the sphere jet predicting a greater final depth of penetration than either the experimental data or the cylinder jet simulation. Since both the cumulative mass and momentum flux curves for the sphere jet fall below those of the cylinder and projected jet curves, this seems to indicate that the mass and momentum flux curves are not good indicators of the penetration behavior of a projectile. In contrast it is observed that the cumulative kinetic energy curves follow a trend that is similar to the penetration curves. That is, the cumulative kinetic energy curve for the sphere jet simulation climbs above both the cylinder jet and projected jet curves at approximatelyt ≈ 0.4. The sphere jet penetration curve in Figure 5 climbs above the range of experimental data at approximatelȳ t ≈ 0.6. This seems to suggest that the cumulative kinetic energy flux is a better predictor of penetration behavior than is the cumulative mass and momentum flux.
Due to the high computational cost only one simulation was performed using a full 3D formulation. This simulation used the sphere jet model and the penetration history curves agreed with the results of the 2D axisymmetric formulation to within 1%. images throughout the 2D axisymmetric simulation using the cylinder jet model. It is apparent in the last image in the figure that not all of the jet has impacted the target. However, the remaining jet material does not increase the depth of penetration when it impacts the target.
Conclusion
Tests were performed to measure the radius, density and velocity along the length of a shaped charge jet in free flight. The jet data were projected backward in time under the assumption that the velocity distribution is unidirectional and varies linearly from the tip to the tail of the jet, and that the velocity of each material particle is constant throughout the jet evolution. By projecting the velocity, radius and density data backward in time the effective jet properties are calculated for any standoff distance. The same type of shaped charge jet was used to penetrate into a stack of aluminum plates which were fitted with electronic switches. These switches were used to measure the penetration time history for the shaped charge jet. The experimental data for the jet properties were used to develop two different discrete models of the jet using the GIMP method. One of these discrete jet descriptions used a single stream of cylinders and the other used a single stream of spheres with the density and velocity of each projectile being set according to the experimental jet data. These models were developed under the assumption that the elastic properties and yield strength of the jet material are not important to the penetration behavior of the jet. This assumption was tested by repeating a penetration simulation with the yield strength of the jet material reduced by 50%. It was found that the penetration time history curve was indistinguishable (i.e., less than 1% difference) from the original simulation with a full strength jet. The jet characteristic which appears to be the best indicator of penetration behavior is the cumulative kinetic energy flux curve. This curve correlated best with the penetration time history curves of the two jet descriptions. It was also found that the axial length of the cylinders in the cylinder jet model (and consequently the number of cylinder) was an important parameter. Many thin cylinders duplicated the experimentally observed penetration time history better than fewer thick cylinders. This is thought to be due to the fact that many thin cylinders will provide many smaller impulses rather than fewer large impulses, and would thereby better replicate the behavior of a particulated metal jet. The penetration simulations using the cylinder jet description were able to accurately reproduce the measured penetration time history for the first third of the history. For intermediate times these simulations under-predicted the penetration depth, and at late times the penetration depth is slightly over-predicted. The sphere jet description accurately predicts the penetration time history for the first three-quarters of the history, then over-predicts the final depth of penetration. This is thought to be due to the slightly higher velocity used in the tail section of the sphere jet which causes more kinetic energy to be deposited into the target at late times than the jet measurements indicate. Since the simulation does not include the switches used in the penetration experiments, a greater penetration depth is to be expected.
The GIMP method was found to be well suited to simulation of high-rate penetration events, and this simulation method is likely to be further improved with recent advances that account for massive particle deformations [12] . Considering the degree of uncertainty in the jet characteristics, an appropriate avenue for future work would be to describe the range of results associated with the uncertainty of the inputs.
